Gelation of colloidal nanocrystals (NCs) emerged as a strategy to preserve inherent nanoscale properties in multiscale architectures. Yet available gelation methods still struggle to reliably control nanoscale optical phenomena such as photoluminescence and localized surface plasmon resonance (LSPR) across NC systems due to processing variability. Here, we report on an alternative gelation method based on physical inter-NC interactions: short-range depletionattractions balanced by long-range electrostatic repulsions. The latter are established by removing the native organic ligands that passivate tin-doped indium oxide (ITO) NCs while the former are introduced by mixing with small polyethylene glycol (PEG) chains. As we incorporate increasing concentrations of PEG, we observe a reentrant phase behavior featuring two favorable gelation windows; the first arises from bridging effects while the second is attributed to depletionattractions according to phase behavior predicted by our unified theoretical model. The NCs remain discrete within the gel network, based on X-ray scattering and high-resolution transmission electron microscopy. The infrared optical response of the gel is reflective of both the NC building blocks and the network architecture, being characteristic of ITO NC LSPR with coupling interactions between neighboring NCs.
Introduction
Nanocrystals (NCs), owing to their unique and highly tunable optical properties (1) (2) (3) (4) (5) , hold promise as key constituents in next-generation optoelectronic materials and devices (1, (6) (7) (8) (9) (10) . Rich opportunities to enhance and diversify materials functionality motivate the development of multiscale NC architectures via bottom-up approaches (11) because the collective properties of NCs in assemblies depend on their organization. Nanoscale optical phenomena such as photoluminescence (PL) and localized surface plasmon resonance (LSPR) are especially responsive to electronic and electromagnetic coupling arising between NCs in close proximity.
This effect is reflected in the optical properties of extended and dense NC assemblies with a high degree of inter-NC connectivity (e.g., superlattices (12, 13) and films (14) ), which deviate from those of their isolated components. Low density NC gel networks, where inter-NC bonding is constrained to moderate and controlled coupling, also have the potential to exhibit properties both dependent on their self-assembled architecture and reflective of their nano-sized building blocks.
This potential has been realized for semiconductor quantum dot gels and aerogels (15) , which exhibit excitonic PL red-shifted from the luminescence of isolated quantum dots due to energy migration through the gel network. However, nanoparticles (NPs) of plasmonic metals such as gold or silver have fused into wire-like networks when assembled into gels, obliterating the LSPR optical response characteristic of the isolated NPs (16, 17) . We sought a new strategy for gelation using physical bonding interactions to target gel assemblies of discrete LSPR-active metal oxide NCs, which we hypothesized could be maintained as discrete LSPR-active building blocks if assembled in this way. Our approach is not specific to the chemistry of the NCs employed and could potentially enable a broad class of gels assembled from diverse nanoscale components capable of reflecting their individual properties.
Briefly, gelation is achieved by balancing attractions and repulsions in colloidally stable NC dispersions. In previously published examples, these interactions are simultaneously tuned by progressive oxidative ligand removal or controlled chemical bridging between surface bound species and linking agents (e.g. ions or molecules). The former has been adapted across noble metal (16, (18) (19) (20) (21) , metal chalcogenide (22) (23) (24) (25) (26) , and metal oxide (27) (28) (29) (30) (31) systems, but this method is prone to fuse NCs during assembly and consequently limits the realization of size and shape-dependent NC optical properties (i.e., PL and LSPR) within the gels. While gelation via chemical bridging is a viable strategy to mitigate NC fusing, translating this approach across NC materials requires customizing surface functional groups for specific NC compositions, so far limited to metal chalcogenide NCs (32, 33) and Au NPs (17) . However, even this approach did not prevent fusing of Au
NPs with a concomitant loss of LSPR response. Among the sparse reports on metal oxide NC gels, gelation has been most often achieved by fusion upon ligand-removal (29) (30) (31) or by triggering the entanglement of concentrated anisotropic NPs: chains of pre-destabilized titania (TiO 2 ) NC (28, (34) (35) (36) form gels upon heating while tungsten oxide (W 18 O 49 ) nanowires (37) and yttria (Y 2 O 3 ) nanosheets (38) form gels upon centrifugation. Once more, this approach offers limited control over gel structure and thereby the associated properties, and it cannot be easily generalized to assemble discrete isotropic metal oxide NCs.
In light of these limitations, we were motivated to develop an alternative route for NC gelation based upon non-specific physical interactions by combining depletion-attractions and electrostatic
repulsions. Previous studies have demonstrated that this combination can help drive the gelation of polymer colloids (39) (40) (41) and the assembly of proteins (into gels (42) , clusters (43) , and crystals (44, 45) ), "open" gel structures as opposed to dense colloidal phases (46) (47) (48) . Therefore, a method to controllably introduce repulsive forces, here electrostatics, is needed to realize NC gelation via physical depletion-attractions. gelation window is attributed to depletion-attractions. To support our assertion and assess the gelation mechanism, we compare our experimental results to thermodynamic phase behavior predictions from a unified theory formulated to capture polymer-mediated bridging and depletionattractions. Because depletion gelation effectively avoids the fusion of ITO NCs and uncontrolled aggregation, we achieve an optically active and transparent gel with LSPR similar to that of the isolated ITO NCs, but shifted and broadened by inter-NC coupling. To explore influence of assembly on optical properties, we perform far-field and near-field electromagnetic simulations based on structural information extracted from small-angle X-ray scattering (SAXS). Our simulation results predict near-field enhancement manifested as "hot spots" within the gel network that may be leveraged in future studies for energetic coupling between LSPR and molecular vibrational modes (49) , or other optical transitions (50) . =CH (3005 cm -1 ) vibrational modes (54) are absent in the FTIR spectrum of ligand-stripped ITO.
Results and Discussion

ITO
Unlike ligand-capped ITO NCs dispersed in non-polar solvents, the bare NC dispersion exhibits strongly positive zeta potentials in both acetonitrile (ACN) and DMF while retaining colloidal stability ( Fig. 1d and SI, Fig. S2 ). This change in NC surface charge has been previously attributed to uncoordinated metal cations exposed upon removal of anionic ligands (53, 55) .
Our NC gelation strategy leverages physical bonds formed by balancing long-range electrostatic repulsions due to surface charge and short-range attractions induced by depletants, aiming to create stable open, arrested, and percolated networks. Short PEG polymer chains (M n = 1100 g/mol) were selected as depletants based on the following criteria: the need for a co-solute with a radius of gyration, R g PEG , smaller than R ITO , PEG's ability to raise the osmotic pressure in solutions (56) , and PEG's compatibility with polar aprotic solvents. Although PEG dissolves in both DMF and ACN, the latter has a Hildebrandt solubility parameter closer to the one of PEG (57, 58) and was therefore chosen as the solvent matrix for our ITO-PEG gels. In fact, PEG precipitates in DMF within a couple of days at concentrations of 664 mg/ml while no signs of precipitation are observed for PEG in ACN solutions of the same concentrations for over one year (SI, Fig. S3 ). Moreover, we estimated R g PEG of these PEG chains in ACN to be 0.98 nm from SAXS sizing analysis (SI, Fig.   S4 ) to ensure that the depletant size criterion would be fulfilled. This value is in good agreement with the expected R g PEG of PEG (M n = 1100 g/mol) from literature (59) . Previous studies on polymerinduced depletion-attractions have shown that the strength of the attraction is tunably increased as a function of depletant concentration, which in turn dictates the extent of the network's connectivity (40, 46) , affecting gel structure and any properties dependent on the local environment and valence of the NCs in the network. Since colloidal NC depletion gels have not been previously reported, the conditions to induce gelation were discovered by varying the amount of PEG for a constant ITO volume fraction. Here, we introduce various amounts of PEG into charge-stabilized ITO NC dispersions in ACN of fixed volume fraction (see Materials and Methods).
Experimentally, as we progressively increase the PEG concentration at fixed ITO NC volume fraction (3.84 vol. % from inductively coupled plasma-atomic emission spectroscopy (ICP-AES), SI, Table S1 ), we observe a fluid (i.e., flowing dispersion) up to a first threshold for gelation at
[PEG]= 46.0 mM, then reentrant behavior back to a flowing dispersion, followed by a second occurrence of a gel at [PEG]= 534 mM ( Fig. 2 insets) .
To investigate the conditions that enabled gelation and to characterize the fluid regime, the ITO-PEG mixtures formed at different [PEG] were probed with SAXS (see Materials and Methods). for full q range S(q)), thus characteristic of intermediate range order (IRO) in colloidal assemblies (48, 60, 61) . we observe that S(q) diverges as q approaches zero suggesting systems dominated by attractions and thermodynamic compressibility (48, 60) . In particular, the S(q) intensity at the lowest resolvable q is approximately an order of magnitude higher when gelation occurs compared to the S(q) intensity of all flowing cluster dispersions ( Fig. 2b and e) . Prior colloidal assembly studies (47, (62) (63) (64) have reported a comparable S(q) intensity increase (of an order of magnitude or larger) when a colloidal system transitions from a fluid state to a gel through spinodal decomposition.
Further inspection of S(q) for both low and high [PEG] gels by employing Beaucage's unified function (65) (66) (67) Fig. S12 ). In this light, prior work by Luo, Zhao, and co-workers (40, 74) described an analogous experimental phase progression in a polystyrene microsphere system where bridging and depletant effects are both operative. They showed the emergence of the following phase transition sequence as the concentration of the smaller adsorbing species (poly(N-isopropylacrylamide) or PNIPAM) in the system increases:
bridging-induced aggregation à stabilization of discrete microspheres à depletion-induced aggregation. Moreover, they determined that since depletion-attraction interactions are only favored once the adsorbing molecules have saturated the colloidal surface and bridging attractions are hindered, the assembly mechanism (i.e., bridging or depletion) is highly sensitive to changes in the colloid-to-adsorbing molecule concentration ratios.
To assess our proposed mechanism for reentrant gelation in ITO-PEG dispersions, we devised a theoretical model that is unique in possessing a unified description of bridging and depletion effects. The free-energy theory synergistically combines a well-accepted theoretical treatment for the Asakura Oosawa (AO) model (depletion) with the accurate Wertheim theory for strong association (bridging). Various physical parameters enter the theory: the NC to polymer diameter ratio (d NC /d P ), the number of polymers that can adsorb onto the NC surface before saturation (n ads ), the number of NCs that a single polymer chain can bridge (n bind ), and the polymer-NC thermal adsorption volume (v), which encapsulates the combined effects of adsorption energy, temperature and the spatial range of the attraction (see SI for more details). To specifically model our NC gels, for d NC /d P we use the experimental value of ~ 3, and for n bind we use the physically reasonable value of 2 based on the short PEG chains employed and ITO. For v and n ads we explored various possibilities and the associated phase behavior, one example of which is shown in Fig. 3 for n ads =30
and v= 0.181 yielding a reentrant (liquidàgelàliquidàgel) phase diagram that is almost quantitatively in accord with the experimental results. Given our choices above for n ads and n bind , zero-temperature mean-field theoretical calculations (75) indicate that the bridging regime should not exceed a polymer-to-colloid ratio of 435 at any volume fraction or value of v. Therefore, the first spinodally unstable regime with increasing depletant is driven by NC-polymer bridging (which saturates upon surface coating) and the second by depletion. Importantly, the phase diagram is always qualitatively the same for physically reasonable values of n bind : bridging gels form when the ratio of the number of polymers per NC (N P /N NC ) is of order 10-100 and whereas of order 1000 is required for depletion-as seen in the experiments.
Our depletion-attraction assembled ITO-PEG gel formed at the highest [PEG] is optically active
and exhibits an extinction spectrum reminiscent of that of the discrete ITO NC building blocks.
As shown in Fig. 4a , the LSPR peak of the gel is slightly red-shifted (by 101 cm -1 ) from that of dispersed ITO NCs in ACN. We attribute the similarity between these spectra to our successful preservation of the NC's integrity as they are integrated in the gel network, avoiding inter-NC fusion (see SI, Fig. S9-S10 ). The modest red-shift of the gel LSPR, its reduced peak intensity, and significant broadening towards lower energies compared to the spectrum of isolated NCs are all characteristic of LSPR coupling between NCs, as previously studied in extended assemblies, such as films, of colloidal metal NPs (76) (77) (78) and metal oxide NCs (49, 79, 80) . Therefore, the perturbations in the gel LSPR suggest structure-dependent coupling interactions between ITO NC nearest neighbors.
To confirm the influence of structure on the gel's far-field optical properties and to anticipate their near-field optical properties, we simulated the optical response of an extended network composed of PEG-coated ITO octahedral clusters (10 nm in radius) with a NC volume fraction of 3.88 vol.
%, similar to that we studied experimentally (see SI for more details). Although an idealized structural representation was used to ensure computational tractability, the simulated network was designed to approximate the experimentally measured NC volume fraction in the gel and the structural hierarchy ascertained from analysis of the SAXS data described earlier. As shown in Altogether, these findings highlight that depletion-attraction gelation of discrete NCs leverages the LSPR sensitivity to the local NC arrangement to extend the NC's intrinsic IR plasmonic range and diversify the optical response without suppressing the LSPR, and it allows generation of localized "hot spots", thereby providing coupling opportunities to other optical transitions relevant to surface enhanced infrared absorption spectroscopy (SEIRA) and sensing applications (10, 49, 81) otherwise inaccessible in networks of fused NCs.
Conclusion and Outlook
The strategy described here demonstrates the potential for tunable gels based on reversible physical bonds, and with responsive optical properties. A basic requirement for optical materials is that scattering does not interfere with the absorption, reflection, and luminescence properties of interest. Our depletion-attraction strategy produces a highly transparent ITO gel that remains stable for over one year without developing haze noticeable to the eye (Fig. 4d) . Obtaining transparent self-supported NC gels has remained a challenge in the field since most established gelation methods give rise to fast-growing networks of large aggregates (scatterers) that ultimately form opaque gels. Instead, as alluded to earlier for our system, competing electrostatic repulsions and depletion-attractions favor slow bonding kinetics (RLCA) and thereby facilitate the formation of fractal aggregates with characteristic length scales smaller than the wavelength of visible light (R g = 53 nm, SI, Fig. S8 ). Our results are consistent with a previous study by Korala and Brock (82) on the aggregation kinetics of CdSe NCs in which it was determined that simultaneously accessing the RLCA regime and suppressing large scale aggregation are necessary conditions to induce transparency in a NC gel. Accordingly, gaining insight into the interplay between inter-particle interactions, structure, and aggregation kinetics is key to rationalize and exploit the NC gel properties stemming from nanoscale building blocks.
More generally, we showed how the combination of depletion-attractions and electrostatic repulsions can realize the assembly of ITO NC gels. While the addition of PEG mediates inter-NC attractions, competing long-range electrostatic repulsions resulting from ligand stripping encourage the formation of a self-supported gel rather than a dense and collapsed material. This model system was designed to investigate depletion-attraction interactions in colloidal NCs and develop a gelation strategy that should in principle be broadly applicable across NC systems. We observed the emergence of two gelation windows interspaced with flowing dispersion states of discrete ITO clusters. Transitioning from a flowing to a solid-like gel state was accompanied by a strong S(q) divergence and intensity increase at the lowest resolvable q, a characteristic of colloidal aggregation through spinodal decomposition reported in prior literature. In this regard, our theoretical phase behavior predictions, based on a unified bridging and depletion-attraction description that captured PEG's affinity for oxide surfaces and ability to bridge adjacent ITO NCs, supported our experimental results and identified two spinodally unstable regions favoring bridging and depletion gelation at low and high [PEG] , respectively. Moreover, we structurally differentiated the dominant assembly mechanism in each gel since we recognized two scattering length scales (NC < fractal gel) in the bridging gel as opposed to the three scattering length scales (NC < cluster < fractal gel) apparent in the depletion gel likely due to depletion-attractions acting on pre-assembled ITO clusters instead of discrete NCs.
From an application perspective, we demonstrated the effectiveness of our depletion-attraction approach to produce an optically active gel featuring LSPR representative of the ITO NC building blocks by retaining the discrete NC morphology in the network, which has not been achieved with previously reported gel processing methods for plasmonic NCs. By controlling the extent of aggregation in a RLCA regime, our gelation approach favored the formation of a transparent gel,
showing no signs of visible haze or scattering. In addition, we compared our optical spectra from experiments to electromagnetic simulations to highlight near-field enhancement opportunities generated by nearest-neighbor coupling effects in the gel network, a promising feature that encourages further exploring NC gels as an alternative material for coupling applications. Finally, we envision that, extending our gelation approach to other NC systems could motivate further studies to improve our insight on structure-property relationships in assemblies to thus achieve systematic design of NC gel properties. We believe that our framework could also contribute to the development and diversification of multicomponent NC gels as a means to unlock even more complex NC gel functionality.
Materials and Methods
Materials. All chemicals were used as received and without further purification. Indium acetate ITO Nanocrystal Synthesis and Ligand-Stripping. ITO NCs were synthesized in an air-free environment using a standard Schlenk line technique following a procedure adapted from previous literature reports (51, 52) . Briefly, 2.5 g (8.6 mmol) of In(ac) 3 and 0.225 g (0.95 mmol) of Sn(ac) 2 were mixed with 10 mL of oleylamine, degassed under vacuum for 1 hour at 120 °C, and then heated to 230 °C under inert nitrogen atmosphere for 1 hour to nucleate and grow the NCs. After the reaction, the mixture was diluted with 5 mL of hexane and 1 mL of oleic acid and transferred to a centrifuge tube. The resulting ITO NCs were recovered and purified by performing five cycles of precipitation with reagent alcohol, centrifugation, and re-dispersion in hexane.
To remove the hydrophobic ligands bound to the ITO surface, 60 mg of NOBF 4 were added to a two-phase mixture containing equal volumes of DMF (2 mL) and ITO dispersion in hexane (50 mg/ml, 2 mL) following a procedure reported previously (53) . The mixture was sonicated for 1 hour to promote the transfer of bare ITO NCs to the DMF layer. After a successful ligand-stripping procedure, the hexane layer turns clear and the DMF layer has a blue/green color. After discarding the hexane layer, the ligand-stripped ITO were purified by performing seven cycles of precipitation with toluene, centrifugation, and re-dispersion in DMF.
Ligand-Stripping Procedure Characterization. NC hydrodynamic diameter and zeta potential before and after ligand-stripping were measured with a Malvern Zetasizer Nano ZS. Samples were prepared by diluting the NC dispersions to ~1 mg/ml and filtering them through a PTFE membrane. 
SAXS Characterization. SAXS measurements were performed at the Lawrence Berkeley National
Laboratory Advance Light Source (ALS) beamline 7.3.3 at 3.8 m sample-detector distance. A silver behenate standard (83) was used to calibrate the scattering spectra. All ITO-PEG samples were enclosed in flame sealed glass capillaries (Charles-Supper Company, Boron Rich, 1.5 mm diameter, 0.01 mm wall thickness) and measured in transmission configuration. Capillaries containing neat ACN were used for background subtraction. The Igor Pro-based Nika software (84) for two-dimensional (2D) data reduction was used for instrument calibration and to convert 2D detector data into 1D data by circular averaging. Additional data processing and analysis details are provided in the SI. free energy contributions. For %& we employ the theory of Lekkerkerker et al. (85) and for ( )* we use Werthiem first order association theory (86, 87) . Spinodal boundaries are identified from the 
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